Farnesol (FOH) is an isoprenoid alcohol that may be endogenously generated within the cells by enzymatic dephosphorylation of farnesyl pyrophosphate (FPP), an intermediate of the metabolic pathway yielding sterols and other isoprenoid compounds from mevalonate (4) . In addition to geranylgeranyl pyrophosphate, FPP also plays an important role as a precursor of protein prenylation such as in the posttranslational modification of oncogenic RAS proteins and other GTP-binding proteins (11) . When exogenously added to the medium, FOH is subjected to either phosphorylation, yielding FPP, or oxidation, to give farnesal, farnesoic acid, and prenyldicarboxylic acid in mammalian cells (4) . Recently, FOH has attracted much attention since it causes apoptotic cell death of human acute leukemia CEM-C1 cells (15, 20) and HL-60 cells (23) . Interference with a phosphatidylinositol type of signaling has been proposed to be a cause of apoptosis in FOH-treated mammalian cells. In our previous study, FOH was found to exhibit a static growth inhibitory effect on the yeast Saccharomyces cerevisiae in which the intracellular diacylglycerol (DAG) level was significantly decreased and accompanied by downregulation of cell cycle gene expression (16) . Mammalian and yeast cells may have a common mechanism in their responses to FOH regardless of whether these organisms are subjected to fatal or static damage from it.
Reactive oxygen species (ROS), including hydrogen peroxide, superoxide anion, and hydroxyl radical, are highly toxic oxidants which are inevitably produced to a certain extent under aerobic conditions. Among them, superoxide anions are generated in a wide variety of enzymatic reactions catalyzed by mitochondrial respiratory chain enzymes, cytochrome P-450 systems, nitric oxide synthase, NADPH oxidase, and lipoxygenase (9, 29, 31, 32) . ROS generation is remarkably enhanced in Kras-transformed murine cells by an inhibitor of protein farnesylation such as (␣-hydroxyfarnesyl)phosphonic acid and by lovastatin, which should also affect this reaction by inhibiting 3-hydroxy-3-methylglutaryl coenzyme A reductase (27) . However, no evidence has been obtained to elucidate the mechanism of ROS generation under the conditions in which protein farnesylation or the corresponding mevalonate biosynthetic reaction is inhibited. It is highly probable that FOH-induced events depend on oxidative stress in both yeast and mammalian cells since FOH can ultimately participate in the reaction of protein farnesylation. In this case, the mitochondrial respiratory chain seems to play an important role since it has been evaluated as the major source of superoxide anion in yeast cells (13) .
In this study, the mechanism of FOH-induced growth inhibition of S. cerevisiae was studied in terms of its promotive effect on ROS generation. The mitochondrial electron transport chain was considered a target for inhibition of ROS generation by FOH. We hereby consider the possibility that FOH can indirectly inhibit the mitochondrial function via interference with a phosphatidylinositol type of signal.
MATERIALS AND METHODS
Yeast strains and media. The S. cerevisiae strains used in this study were X2180-1A (MATa) (grande) and its isogenic [rho 0 ] petite mutants, which had been generated by ethidium bromide treatment (7) . The loss of mitochondrial respiratory chain activity in the mutant cells was confirmed by the absence of molecular oxygen consumption, which was measured as described below. As is often the case with [rho 0 ] mutants lacking only mitochondrial DNA (5), the cells of our mutants could grow in minimal medium where mitochondrial proteins encoded by nuclear DNA have to be functional. Unless stated otherwise, the growth properties of these yeast cells were examined in YPD medium, which contained 10 g of yeast extract, 20 g of polypeptone, and 20 g of glucose per liter at 30°C. For the preparation of mitochondria as well as the assay of cellular respiratory activity, yeast cells were grown in semisynthetic lactate medium (SSM), which contained 3 g of yeast extract, 0.5 g of glucose, 0.5 g of CaCl 2 ⅐ 2H 2 O, 0.5 g of NaCl, 0.6 g of MgCl 2 ⅐ 2H 2 O, 1.0 g of KH 2 PO 4 , 1.0 g of NH 4 Cl, 22 ml of 90% DL-lactate, and 8.0 g of NaOH pellets per liter, where the pH was appropriately adjusted to 5.5 with 6 N NaOH (10) .
Measurement of yeast cell growth. The yeast cells were grown overnight in YPD medium with vigorous shaking and were inoculated into freshly prepared medium to give an initial cell density of approximately 10 7 cells/ml. Cells were then grown with or without each effector or inhibitor with vigorous shaking, and portions were withdrawn at various time intervals to measure the cell density at A 610 . The cell suspension (10 7 cells/ml) gave an A 610 value of approximately 1.0. Measurement of ROS production. Cellular ROS production was examined by a method dependent on intracellular deacylation and oxidation of 2Ј,7Ј-dichlorodihydrofluorescein diacetate (DCFH-DA) to the fluorescent compound 2Ј,7Ј-dichlorofluorescein (DCF). This probe was highly reactive with hydrogen peroxide and has been used in evaluating ROS generation in mammalian (14, 25) and yeast (3, 34) cells. After preincubation of the yeast cells (10 7 cells/ml) in YPD medium with 40 M DCFH-DA at 30°C for 60 min, the cell suspensions (1.0 ml) were withdrawn and further treated with each chemical for the indicated time and then washed and resuspended in 100 l of phosphate-buffered saline. Fluorescence intensity of the cell suspension (100 l) containing 10 7 cells was read with a Cytoflow 2300 fluorescence spectrophotometer (Millipore Co.) with excitation at 480 nm and emission at 530 nm. The arbitrary units were based directly on fluorescence intensity.
Preparation of mitochondria and the cytosol fraction. Cells of strain X2180-1A were aerobically grown in 10 liters of SSM at 30°C for 15 h. Mitochondria were isolated from the cell lysate, which had been prepared by enzymatic diges
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Correlation between FOH-induced growth inhibition and ROS generation. We first examined whether the yeast cells were subjected to oxidative stress due to ROS generation as reflected by DCFH-DA oxidation when the cells were grown or incubated with FOH. DCFH-DA was not directly oxidized even with 200 M FOH in the absence of the yeast cells (data not shown), indicating that DCFH-DA oxidation depended only on the cellular response to FOH treatment. As summarized in Table 1 , FOH significantly promoted cellular ROS generation in a dose-dependent manner, demonstrating its clear relation to the growth inhibitory effect. ROS generation was kept almost at the control level in medium containing other isoprenoid compounds, with growth inhibitory effect demonstrated even at a quite high concentration (200 M). Surprisingly, GGOH was as effective as FOH in inducing apoptosis (23) , suggesting that these isoprenoid alcohols are commonly involved in the mechanism of causing oxidative stress in mammalian cells. The susceptibility of mammalian cells to the cytotoxic effect of farnesylacetate (19) may depend on the ability to hydrolyze it to FOH as an active form. The level of ROS generation was linearly increased up to fivefold of the control level during the initial 30 min of incubation in the medium with 25 M FOH, as shown in Fig. 1 . Such a time-dependent increase in the fluorescence intensity indicated that ROS production occurred at a constant rate in FOH-treated cells.
We next examined the protective effects of various types of antioxidants against FOH-induced growth inhibition as well as ROS generation and found a clear correlation between protection against these events. These antioxidants did not show any growth-promoting effects by themselves in medium without FOH. As summarized in Table 2 , the FOH-induced events could be mostly eliminated by 25 M ␣-tocopherol (␣-TOH), a naturally occurring lipophilic antioxidant which can easily penetrate the plasma membrane and protect free and membranous lipids against oxidative damage (1) . ␣-TOH is also known to protect against free radical-mediated liver injury (17) and apoptosis of MOLT-4 cells due to membrane-associated oxidation triggered by radiation (18) . Of the synthetic antioxidants, probucol was as effective as ␣-TOH in protecting against FOH-induced growth inhibition, as is the case with protection against generation of hydrogen peroxide in macrophages (8) . NAC was only partly effective, even at a concentration of 10 mM. Such a difference should depend mainly on the hydrophilic property of NAC since it is known to be a potent scavenger of hydroxyl free radical (3). L-Ascorbate is an extremely hydrophilic antioxidant that can act at the interface of the plasma membrane, showing alternative biological effects in a dose-dependent fashion (1, 26) . In yeast cells, L-ascorbate at concentrations of 0.2 and 10 mM showed neither a protective effect against FOH-induced growth inhibition nor a growth inhibitory effect when added alone. This could be attributed to its poor permeation, especially through the yeast plasma membrane, because increased cellular ROS production was still observed even in the presence of 10 mM L-ascorbate. These findings revealed oxidative stress due to ROS generation inside the cytoplasmic membrane as a primary cause of FOH-induced growth inhibition in the yeast cells.
Resistance of respiration-deficient petite mutant against FOH-induced events. To assess the role of mitochondrial function in FOH-induced ROS generation, the FOH sensitivity of a [rho 0 ] petite mutant was compared with that of the wild-type grande strain. As shown in Fig. 2B , the mutant cells could grow in YPD medium depending on fermentation equally well with or without 200 M FOH. In accordance with this fact, cellular ROS generation stayed at the control level even after 30 min of incubation of the mutant cells with FOH ( Fig. 2A) . The same results were obtained with another four petite mutants which had been independently isolated by ethidium bromide treatment of the parent strain. These mutant strains were all characterized by the rate of cellular uptake of FOH in comparison to that of the parent strain (data not shown), which strongly supported the dependence of FOH-induced ROS generation on mitochondrial function alone. The electron transport chain could be a target of FOH since the [rho 0 ] petite mutant generally lacks cytochrome b of complex III and various subunits of cytochrome c oxidase in addition to F 1 F 0 -ATPase (5).
Effect of blocking electron flow in complexes I, II, III, and IV of the respiratory chain on FOH-induced ROS generation. Wild-type cells were pretreated with a respiratory chain inhibitor(s) for 10 min to identify the critical site of ROS generation during the subsequent incubation with 25 M FOH. Each respiratory chain inhibitor was used at the concentration that entirely inhibited cellular oxygen consumption but that did not influence cell growth upon fermentation in YPD medium. As shown in Fig. 3 , ROS generation was reduced by almost 50% when yeast cells were pretreated with rotenone, which specifically inhibits complex I, and TTFA, a specific inhibitor of complex II (24) . Protection against ROS generation and growth inhibition was not provided by treatment with either antimycin A, which inhibits cytochrome reductase of complex III, or KCN, a typical inhibitor of complex IV (28) . Of the various respiratory chain inhibitors tested, myxothiazol, which inhibits the oxidation of ubiquinol to the ubisemiquinone radical via the Rieske iron-sulfur center of complex III (29) , eliminated cellular ROS generation most effectively. With myxothiazol pretreatment, the yeast cells treated with FOH (25 M) could grow normally upon fermentation in YPD medium, in which the relative cell growth (A 610 ϭ 3.9) was around 50% of the control level at 6 h. This strongly supported that the protection against ROS generation provided by mxyothiazol depended solely on its role as a respiratory chain inhibitor.
The overall electron transfer from complex I or II to cytochrome c of complex III is coupled with proton translocation across the mitochondrial inner membrane in which ubiquinone functions as a carrier of both protons and electrons by forming ubiquinol (hydroquinone) (21) . The ubisemiquinone radical inevitably appears as a result of the transfer of one electron from ubiquinol to the cytochrome bc 1 complex catalyzed by the Rieske iron-sulfur center. Under conditions with no respiratory chain inhibition, however, the radical is further oxidized to ubiquinone by means of sequential reactions with cytochrome b-566 and b-562 in the Q cycle of complex III, thereby protecting its accumulation to a significant extent. In other words, the radical can accumulate only when the electron transport is inhibited in the sequential reactions described above and the extent of radical formation thus should depend on the level of the ubiquinol pool. Inhibitors of cytochrome b reoxidation that bind to the heme of cytochrome b-562 such as antimycin A can directly potentiate the accumulation of the unstable ubisemiquinone radical as the electron donor to molecular oxygen (30) . Accumulation of the unstable ubisemiquinone radical in the Q cycle of complex III could also be a cause of FOH-induced ROS generation. This is strongly supported by the fact that only myxothiazol, which can inhibit the formation of the ubisemiquinone radical itself as already mentioned, can effectively protect against FOH-induced ROS generation. In this case, the radical formation cannot be protected with a respiratory chain inhibitor of complex IV but seems to be partly protected by inhibition of electron transport upstream of complex III since such inhibition reduces the level of the ubiquinol pool. It remains to be demonstrated whether FOH affects cytochrome b reoxidation in the Q cycle with the accompanying accumulation of the ubisemiquinone radical.
Effects of FOH on cellular oxygen consumption and mitochondrial oxidase activities. As deduced from the dependence of FOH-induced ROS generation on mitochondrial function, FOH restricted cellular oxygen consumption immediately upon its addition to the cell suspension (Fig. 4) . Similar results were obtained under conditions in which mitochondrial respiration was fully stimulated with DNP. This means that FOH inhibited mitochondrial electron transport that was normally coupled with oxygen consumption at complex IV. FOH-induced ROS FIG. 3 . Protective effects provided by blocking the electron transport chain in FOH-induced ROS generation. ROS generation was assayed by using the cell suspension with or without the following treatment, as described in the legend to Fig. 1) should proceed mainly by utilizing the mitochondrial electron flow from the ubiquinol pool which was still remaining since the overall mitochondrial electron transport had been mostly shut off within 5 min of incubation. In fact, FOH could accelerate ROS generation even under conditions in which mitochondrial electron transport was fully repressed with antimycin A (Fig. 3) . Antimycin A induces apoptosis of mammalian cells by accelerating ROS generation with accompanying inhibition of mitochondrial electron transport (14) . In our experiment, only a very low level of ROS generation was detected, with fewer than 1,000 arbitrary units in the yeast cells after 30 min of incubation with 20 M antimycin A. This potent cytotoxic agent exhibited respiration-inhibitory activity only on S. cerevisiae cells, still allowing anaerobic growth on glucose in YPD medium. The mechanism of mitochondrial ROS generation is not fully understood, as reflected by a difference in sensitivity to antimycin A between mammalian and yeast cells. The yeast cells may possess a more advanced ability to eliminate the oxidative stress than that of mammalian cells.
The inhibitory effects of FOH on mitochondrial oxidase activities were examined by measuring the rates of oxygen consumption by isolated mitochondrial preparations (Table 3) . Rotenone, antimycin A, and KCN inhibited the corresponding oxidase activities as expected. It was surprising that no significant inhibition of the oxygen-consuming reactions catalyzed by NADH oxidase, succinate oxidase, and cytochrome c oxidase was observed even with 200 M FOH. These oxidase activities were not inhibited with any of the most probable metabolites of FOH, such as FPP, farnesal, and farnesoic acid. We therefore examined whether the cytosol fraction contained what was necessary to directly inhibit mitochondrial electron transport. This component might be either a metabolite of FOH other than those described above or another molecule which newly appeared within the cells under conditions with FOH. As deduced from the rate of oxygen consumption (25 nmol of O 2 /min) by using both ␤-hydroxybutyrate and succinate, the assay mixture was expected to contain the mitochondrial preparation from approximately 10 7 cells. However, the oxidase activities were not inhibited even if the cytosol fraction from 2 ϫ 10 7 cells was mixed with the mitochondrial preparation described above in the assay mixtures. These results revealed that FOH-induced ROS generation or inhibition of oxygen consumption was not due to direct inhibition of the mitochondrial electron transport by FOH or its metabolites.
Involvement of a phosphatidylinositol type of signal in FOHinduced ROS generation. In the experiment with a human acute leukemia cell line, the inhibitory effect of FOH on cell proliferation could be restored with the extracellular addition of OAG, a membrane-permeable analog of DAG which can activate PKC from mammalian (15, 20) and yeast (22) cells. As shown in Fig. 5 , FOH-induced ROS generation and growth inhibition were apparently diminished to the control level in the presence of 10 M OAG. This agreed with our previous finding that the PKC activator restored FOH-induced growth inhibition of S. cerevisiae cells in which the endogenous DAG level had been drastically decreased immediately upon incubation with FOH (16) . These findings support the idea that FOH inhibits mitochondrial electron transport via interference with a phosphatidylinositol type of signal without having a direct inhibitory effect on the mitochondrion itself. It seems possible that a PKC-dependent mechanism normally functions in yeast cells to regulate mitochondrial electron transport, especially at the Q cycle of complex III, not to promote ROS generation.
FOH-induced growth inhibition of S. cerevisiae cells has been characterized as consisting of cell cycle arrest with accompanying downregulation of the corresponding cell cycle gene expression (16) . Interference with cellular DAG metabolism was thought to directly influence gene expression. In the present study, we have considered another possibility, that ROS generation can be a signal of cell cycle arrest in yeast cells. This possibility is currently under investigation.
